Morphologic changes associated with bone loss in thalassemia are recognized on plain radiography by thinning of the cortex, widening of the medulla, and coarser spacing of the trabecular pattern. 9 Dual-energy x-ray absorptiometry (DXA) is considered as a reference standard for diagnosing bone status by measuring bone mineral density (BMD, grams per square centimeter, bone mineral content relative to a projection area). 10 Low BMD levels are commonly measured from the trabecular bones, such as the lumbar spine, in thalassemic patients. 11 The reliance on radiation exposure is a major limitation of DXA, particularly where children are concerned. Other disadvantages of the technique include limited portability, lack of real-time feedback, repeatability, high cost, and accessibility.
As a promising alternative to DXA, quantitative ultrasound has emerged for evaluating bone health. 12 Since radiation safety is of concern, quantitative ultrasound is especially suitable for children. 13 Several quantitative ultrasound systems are commercially available and currently approved for clinical use in noninvasively assessing bone. 14 In application of the technique, a focused sound wave is propagated through the bone, and 2 parameters of interest, broadband ultrasound attenuation and the speed of sound, are estimated from the received signal. These parameters convey relevant information regarding the density, chemistry, composition, and structure of the underlying bone that are not available from DXA. 15 In the skeleton, the calcaneus (heel bone) is often used for quantitative ultrasound measurements, and this selection is validated by the facts that this bone is greater than 90% trabecular by volume and its BMD reflects spinal osteoporosis. 16, 17 However, to date, evaluating the bone status with quantitative ultrasound in thalassemic patients has found limited applications. To the best of our knowledge, only 2 publications exist in the literature. 18, 19 In an earlier longitudinal study, Pennisi et al 19 reported broadband ultrasound attenuation measured from the calcaneus using a gel-coupled scanner (QUS-2; Metra Biosystems, Mountain View, CA). In a cross-sectional study performed more recently, Christoforidis et al 18 investigated the speed of sound along the surface of the peripheral bones (distal radius and midshaft tibia) using an Omnisense 7000P scanner (Sunlight Medical Ltd, Tel Aviv, Israel) equipped with a handheld probe. The former study reported that broadband ultrasound attenuation shared a similar pattern with BMD values estimated from the whole body, spine, and femoral neck. The latter study indicated that speed of sound and BMD readings were poorly correlated and thereby concluded that quantitative ultrasound could not serve as an alternative to DXA. In both studies, the patients were of Caucasian origin and in either late childhood or early adulthood, and the measured parameter was either broadband ultrasound attenuation or the speed of sound but not both. Quantitative ultrasound readings vary with age but also show ethnicity and sex dependencies due to differences in growth patterns and changes in dietary habits. 20 Therefore, further studies were warranted to determine the role of the speed of sound and broadband ultrasound attenuation in evaluating the bones of thalassemic children from other ethnic origins and younger age groups.
Our institution provides clinical services to thalassemic children from multiple ethnic backgrounds in a Southeast Asian region. Inclusion of quantitative ultrasound with proven merits would greatly benefit this service as well as others in neighboring countries. Because of the substantial interest and clinical importance, this study was undertaken to eventually establish a comprehensive data set consisting of both broadband ultrasound attenuation and speed of sound measurements from the calcaneus that could be used as a standard baseline reference for evaluating bone quality in Southeast Asian children requiring frequent blood transfusions for treatment of thalassemia. To show age-and sex-dependent changes, the study included both male and female thalassemic children in different age groups. Normative data were similarly produced from age-, sex-, and ethnicity-matched healthy participants. In addition, BMD values were obtained using DXA for benchmark comparisons of the quantitative ultrasound readings. Here we describe the details of our data collection and analysis methods and systematically present the results and discuss our findings.
Materials and Methods
We conducted a cross-sectional study consisting of Southeast Asian children presumed to have bone loss due to their underlying disease, beta-thalassemia major. Under a protocol approved by the Institutional Medical Ethics Committee, the children were recruited over 2 years as they were receiving treatment from the Pediatric Thalassemia Division at the University of Malaya Medical Center under the guidelines published by the Ministry of Health Malaysia. 21 All patients had been treated with regular blood transfusions since the age of 1 year or younger and were also receiving iron-chelating agents, delivered either orally or by subcutaneous injection. The recruitment was on a voluntary basis and involved the written consent of their parents. The study excluded those children who were not ambulating or with a history of bone disease, fracture, skin abrasions, lower limb paralysis, or limb prosthesis. Seventy quantitative ultrasound and DXA examinations were performed in a total of 58 patients (28 male and 30 female). Thirty-two patients had only calcaneal quantitative ultrasound scans, and 30 had only DXA scans. Eight of the patients had both quantitative ultrasound and DXA scans. On the basis of this assignment, the quantitative ultrasound-scanned group included 40 patients (19 male and 21 female), and the DXA-scanned group included 38 patients (17 male and 21 female). The age, sex, weight, height, body mass index (BMI), and ethnicity of the thalassemic children scanned with quantitative ultrasound and DXA were also recorded. The distributions of these variables are summarized in Table 1 .
A group of 335 healthy children was similarly recruited and had only quantitative ultrasound scans, serving as a control group. The age, sex, and ethnicity distributions of these children are summarized in Table 2 . To detect thalassemic children at risk for osteoporosis, we compared their BMD readings against a normative data set from young healthy children provided by the manufacturer of the DXA scanner. This process avoided unnecessarily exposing healthy children to radiation. According to the manufacturer of the DXA equipment that we used, the effective radiation dose in the spine was 8.8 μSv, which was equivalent to 1 day of background radiation.
Patient Preparation, Positioning, and Quantitative Ultrasound Scanning Procedures
The quantitative ultrasound scanner used in this study was a UBIS 5000 bone sonometer (Diagnostic Medical Systems, Montpellier, France). This sonometer is an automatic system, meaning that it does not require human intervention while performing the necessary calibrations, ultrasound measurements, and region of interest selections. The internal operation of the system involves sound wave generation by a focused transducer (with a center frequency of 0.5 MHz and broadband emission capability with a frequency range of 200-600 kHz), propagation through the calcaneus, and detection by another focused transducer at the opposite end. The software of this system performs the required signal processing and analysis on the detected waveforms and computes the speed of sound by using the distance between the transducer and the transmit/receive time difference of the pulse and the frequency-dependent attenuation between 200 and 600 KHz in the spectral domain. The sonometer automatically compares the estimates from the signals obtained with and without the bone (ie, reference acquisition from water alone) and reports final speed of sound and broadband ultrasound attenuation readings along with other parameters.
The scanner consists of a water bath in which the foot is placed. The bath was filled with approximately 0.35 L of degassed water mixed with a manufacturer-approved ultrasound solution. The mixture was preheated to approximately 30°C and replaced for each patient. This quality control step was taken to reduce sound wave attenuation by microbubbles and to ultimately obtain reproducible results with increased precision. Before the quantitative ultrasound examination, the right foot of the participant was inspected for any signs of previous injury, surgery, edema, abrasion, or paralysis. After being cleaned with a 15% alcohol swab on both sides, the foot was immersed in the water-filled well. The scan process was initiated with a stabilization test, followed by calibration, the real scan, and finally the signal-and image-processing operations. The stabilization test confirmed that preconditions required for the scan were met. The heel was subjected to a set of repeated prescans that lasted for 1 minute and produced a Values are mean ± SD where applicable. BMI indicates body mass index; and DXA, dual-energy x-ray absorptiometry.
low-spatial resolution scout image mapping the broadband ultrasound attenuation variation over a 60 × 60-mm area, which completely covered the calcaneus in the sagittal plane of the foot. This image was then used to automatically select a region of interest where the prescan broadband ultrasound attenuation readings were lowest within a circle measuring 14 mm in diameter. This meant that the signals within the circle had a high signal to noise ratio and potentially increased the performance of the broadband ultrasound attenuation and speed of sound estimators. The next step involved calibration, which was started automatically by the scanner and performed in water using a dedicated path under the foot. The calibration process was also part of the system test, which generated an error message if the received signal did not match the expected behavior or pattern of the signal. Next, the scanner proceeded with scanning the heel within the selected region defined by the 14-mmdiameter circle described above at a higher spatial resolution, which lasted for about 2 minutes. The acquired data were then processed for estimating the broadband ultrasound attenuation and speed of sound values with the help of the reference signals from the calibration step. The final readings were provided as output by the scanner and recorded for each participant.
Dual-Energy X-ray Absorptiometry
The DXA scanner used in this study was a Lexxos 2-dimensional densitometer (Diagnostic Medical Systems) with digital cone beam technology for accurate bidimensional imaging. This system depicts the spatial distribution of the bone mineral composition at 2 energy levels: 70 and 140 kV. If technically feasible, the International Society for Clinical Densitometry recommends both whole-body and lumbar spine examinations by DXA in the pediatric age group, 22 and this guidance was followed by several studies performed on children. 2, 23, 24 This study also followed that guidance and used DXA scans to read BMD values from the whole body and lumbar spine. The whole-body measurement represents the average mineral density of all bones in the axial and appendicular skeletons with the exception of the skull, whereas spinal scans yield BMD only in the lumbar spine. Before performing the scan, radiopaque materials such as jewelry, zippers, and buttons were removed from the patient to minimize potential image artifacts. If the patient had a recent radiologic examination with barium or computed tomography with high-density contrast media, the scan was rescheduled for a later day. The participant was placed in a supine position and the torso adjusted to ensure that the lumbar spine was straight. Both hips were flexed and the lower limbs were supported beneath to reduce the degree of spinal lordosis because the spine was required to be as flat as possible in one plane. After instructing the patient to cease movement throughout the scanning procedure, a scout image was acquired to confirm that the lumbar vertebrae were in the center of the image. The spinal image was then acquired between the last rib superiorly and the upper sacrum inferiorly. This procedure was followed by whole-body scan. The scan times were approximately 1 minute for the lumbar spine and 3 minutes for the whole body. The absolute BMD values were measured from the resulting DXA images by manually selecting regions of interest in each spinal vertebra from L1 to L4 or all bones, except the skull, of the whole body. The mean density within the selected regions of interest was then accepted as the final BMD reading. The manufacturer of the DXA scanner has built a database based on the third National Health and Nutrition Examination Survey (Centers for Disease Control and Prevention, Atlanta, GA). The survey was performed between 1988 and 1994 on 40,000 individuals with different ethnic backgrounds from the United States of America. The plots shown in Figure 1 were based on this database and show age-dependent variations in the mean (μ BMD_Healthy ) and SD (σ BMD_Healthy ) of the BMD readings from the lumbar spine and the whole body of the healthy children. The BMD readings from the lumbar spine and whole body of an individual are normalized to get z scores using the equation (BMD -μ BMD_Healthy )/σ BMD_Healthy . A z score of less than -2.5 is taken as an indicator of osteoporosis.
Quality Control
The reproducibility of the quantitative ultrasound examinations was tested by repeating the calcaneus quantitative ultrasound procedures described above on a group of 8 healthy volunteers at 3 different time points on the same day. Short-term precision was calculated for the measured broadband ultrasound attenuation and speed of sound pa- rameters from each volunteer. The results were averaged to calculate final coefficients of variation for the broadband ultrasound attenuation and the speed of sound. The corresponding BMD measurements were not performed, but in the specification sheet supplied by the manufacturer of the DXA scanner, the in vitro reproducibility of the measurements was stated as less than 0.5%.
Data Analysis and Statistical Characterization
Data included quantitative values measured from each participant for the parameters: broadband ultrasound attenuation and speed of sound from the calcaneus, BMD from the lumbar spine, and BMD from the whole body. These measurements were tabulated in a worksheet along with the other variables: sex, age, ethnicity, weight, height, and BMI. The final results were binned into 3 age groups representing the male and female children from 6 to 9, 10 to 13, and 14 to 17 years old. The broadband ultrasound attenuation and speed of sound measurements from the healthy children were also binned similarly to serve as a normative reference for benchmark comparison against the corresponding measurements from the thalassemic children. Means and SDs of the measurements in each group were calculated for statistically characterizing the intergroup variation. A standard t test and Pearson correlation analysis were performed between the different measurements and groups for determining intergroup dependencies and whether the differences in the measurements were statistically significant.
Results
The characteristics of the quantitative ultrasound and DXA measurements acquired from all participants are summarized in Table 3 . The coefficient of variation values obtained from the broadband ultrasound attenuation and
Sani et al-Calcaneus Measurements in Southeast Asian Children With Thalassemia Figure 1 . Age-dependent characterization of bone mineral density (BMD) measurements for the lumbar spine (left) and whole body (right) using dual-energy x-ray absorptiometry performed on healthy children. In each plot, the middle curve represents the mean, and the top and bottom curves denote the SD. Values are mean ± SD. Normative absorptiometric data from the healthy children were not gathered in this study. BMD LS indicates lumbar spine bone mineral density; BMD WB , whole-body bone mineral density; BUA, broadband ultrasound attenuation; and SOS, speed of sound.
speed of sound reproducibility tests were 0.6% and 0.3%, respectively. The proportions of the thalassemic children with a diagnosis of osteoporosis based on the BMD measurements from the DXA scans of their lumbar spine or whole body are given in Table 4 for the different age groups. The quantitative ultrasound data in Table 3 are plotted in Figures 2 and 3 for graphically showing the changes between the male and female and thalassemic and healthy children. The horizontal axes in these graphs represent the age groups. The BMD results are similarly plotted in Figures 4 and 5 . Table 5 lists the correlation coefficients calculated between the anthropometric variables (age, weight, height, and BMI) and the quantitative ultrasound and DXA measurements from all thalassemic children. For the healthy control participants, only broadband ultrasound attenuation and the speed of sound were listed. Eight thalassemic children had both quantitative ultrasound and DXA scans on the same day. The dependencies between the quantitative ultrasound and DXA measurements from these children are collectively shown on scatterplots in Figure 6 , and the results from the correlation analysis performed on the data are reported in Table 6 . The speed of sound and broadband ultrasound attenuation measurements from all male and female children were combined together, and the distributions of the results are shown in 2 dimensions for the thalassemic and healthy children on the scatterplots in Figure 7 .
Discussion
The plots in Figure 2 show the variations in the broadband ultrasound attenuation and speed of sound measurements by sex, and similarly, the graphs in Figure 3 contrast the same results obtained under the disease condition against those from the age-and sex-matched healthy children. In general, the quantitative ultrasound data from the thalassemic and healthy children indicated no sex dependence in the different age groups except for the speed of sound readings from the group of 14-to 17-year-old thalassemic children. Otherwise, the temporal trends showed that the mean broadband ultrasound attenuation increased and the mean speed of sound decreased gradually with age.
In Figure 3 , the mean broadband ultrasound attenuation reading was about 50 dB/MHz in the youngest thalassemic children and 55 dB/MHz in the oldest. These values were consistently lower compared with the control participants, with values of 60 and 65 dB/MHz, respectively, and the differences between the thalassemic and healthy children were statistically significant (P < .05) for both the youngest and oldest groups. In contrast, the speed of sound values for the thalassemic children were higher at statistically significant levels compared with the control participants for both male and female children. According to Table 6 , the broadband ultrasound attenuation and speed of sound readings obtained from thalassemic group were correlated negatively (r = -0.584). The correlation between the broadband ultrasound attenuation and speed of sound readings from a pure trabecular bone is expected to be positive, provided that the thickness of the measured site is taken into account during the estimation process of these readings. The operation of the sonometer system and the computations performed internally on the acquired signals were carried out automatically and were beyond our control. The negative correlation found between the broadband ultrasound attenuation and speed of sound readings from the healthy children may be explained by the lack of normalization by the bone thickness.
The lower broadband ultrasound attenuation readings in the thalassemic children compared with the control participants indicated that the bones in these children were not as strong as their peers' categorized as normal. However, the rising broadband ultrasound attenuation values with age suggests that the bones of the thalassemic children became stronger as they grew older. This outcome was further supported by the BMD data presented in Table 3 and plotted in Figures 4 and 5 . The correlation values in Table 6 were suggestive of a close association between the broadband ultrasound attenuation and DXA measurements. However, the low levels of correlation between the speed of sound and DXA estimates indicated relatively weaker relationships between these measurements. These results were all in line with those reported in previous studies of children in general, [25] [26] [27] and more specifically with the conclusions reached by Christoforidis et al 18 and Pennisi et al 19 on the value of the speed of sound and broadband ultrasound attenuation in evaluating the bone status in thalassemic children, although their data were from Caucasian background as opposed to the Southeast Asian origin in this study. Table 3 in visual form. Boxes indicate mean data; error bars, SD; and asterisk, statistically significant difference (P < .05).
Figure 3.
Comparisons of broadband ultrasound attenuation (BUA, dB/MHz) and speed of sound (SOS, m/s) measurements from male and female thalassemic and healthy children replotted from the data in Figure 1 . Boxes indicate mean data; error bars, SD; and asterisks, statistically significant differences (P < .05).
According to the plots in Figures 4 and 5 , the BMD values estimated from the lumbar spine and the whole body were nearly identical and did not point to any sex dependence. The readings started at about 0.4 g/cm 2 in the 6-to 9-year-old group of thalassemic children and increased gradually by about 50% to 0.6 g/cm 2 in the 14-to 17-yearold group, as shown by the trend analysis based on a t test (P < .05). The elevated BMD readings with age provided solid evidence that the bone strength in thalassemic children had improved with age. However, according to Table  4 , a certain proportion of the thalassemic children in each age group had a risk of osteoporosis. The proportionality increased with age, although it was dependent on the bone site from which the BMD reading was obtained. In all of the 3 different age groups, the assessment based on the BMD readings from the lumbar spine showed lower percentages (0%, 11%, and 50%, respectively) of thalassemic children at risk for osteoporosis compared with whole-body scans (20%, 22%, and 60%). These findings clearly justify the need for monitoring thalassemic children for bone loss, especially in adolescence (14-17 years). Because the proportions are much larger, the use of whole-body BMD readings may be a safer way not to miss osteoporosis, especially in children between 6 and 13 years old. In the healthy control participants, only quantitative ultrasound readings were analyzed. BMD LS indicates lumbar spine bone mineral density; BMD WB , whole-body bone mineral density; BMI, body mass index; BUA, broadband ultrasound attenuation; and SOS, speed of sound. a Statistically significant correlation (P < .05). Table 5 shows that the speed of sound readings did not correlate with the ages of the thalassemic children but showed a slight negative correlation (r = -0.356) with those of the healthy children. The age variation correlated reasonably well with the broadband ultrasound attenuation measurements in both the thalassemic and healthy children and at high levels with the DXA readings (lumbar spine and whole-body BMD) from the thalassemic children. The other measurements (weight, height, and BMI) showed similar levels of association with the quantitative ultrasound and DXA readings from the thalassemic children. It is well established that low body weight and height are predisposing factors for osteoporosis. Weight bearing and bone growth appear to be critical factors stimulating an Sani et al-Calcaneus Measurements in Southeast Asian Children With Thalassemia Figure 6 . Scatterplots of quantitative ultrasound and dual-energy x-ray absorptiometric measurements from 8 thalassemic children who had both scans on the same day. BMD LS indicates lumbar spine bone mineral density; BMD WB , whole-body bone mineral density; BUA, broadband ultrasound attenuation; and SOS, speed of sound.
increase in BMD. In cross-sectional studies, associations do not necessarily imply a causal relationship, but our data suggest that measurements of the basic anthropometric parameters performed routinely in the clinic may provide key diagnostic information for the clinical assessment of bone status in the Southeast Asian thalassemic children. The clinical implications and relevance of this finding are that if a thalassemic child is found during an examination to be shorter and lighter compared to his or her peers of the same age group, the child may be considered at high risk for osteoporosis, and referral for a quantitative ultra- sound scan is justified. If the broadband ultrasound attenuation reading from the same child is also suggestive of low bone density, then further examination with DXA may be warranted. In this regard, quantitative ultrasound may play an important intermediary role in deciding who should have a DXA scan. Considering that thalassemia is a major predisposing factor for osteoporosis, ideally, if a system is accessible, then it is preferable to have all thalassemic children undergo general screening using quantitative ultrasound. Otherwise, the criteria described above can be followed as guidance for selection. Adoption of calcaneal quantitative ultrasound assessment in clinics can improve the care of thalassemic children by preventing unnecessary radiation exposure and can also improve cost management. Figure 7 shows clustering of the quantitative ultrasound data by two distinct distributions corresponding to the thalassemic and healthy children for the speed of sound versus broadband ultrasound attenuation. The measurements from the healthy children in the male and female groups together were centered at a speed of sound of about 1500 m/s and broadband ultrasound attenuation of about 62 dB/MHz. The corresponding data from the thalassemic children overlapped those from the healthy children but were also dispersed toward the regions defined by higher speed of sound and lower broadband ultrasound attenuation values and became distinctly separable from those of the healthy children. These results collectively suggest that higher speed of sound and lower broadband ultrasound attenuation readings are typical signatures of calcaneal quantitative ultrasound measurements in thalassemic Southeast Asian children.
The small number of participants was the major limitation of this study. However, the pattern obtained from our data can have important implications in terms of statistically classifying bone status. For example, boundaries between the data clusters can be constructed empirically to serve as simple classifiers, or more complicated classification algorithms can be formulated mathematically to establish statistically unbiased decision mechanisms based on certain criteria for the quantitative ultrasound parameters measured. Such possibilities clearly make calcaneal quantitative ultrasound a viable and robust alternative for assessing the bones of thalassemic children. However, determining whether these findings apply to other quantitative ultrasound systems and obtaining quantitative ultrasound parameters from other skeletal sites will need further exploration.
The formation of bone is determined by a combination of complex interactions between genetic and environmental factors. Other than during the fetal period, humans grow fastest from infancy through the first 5 years of life and during the pubertal growth spurt. Bone health in childhood affects the quality of life in later years. The bone mass reaches a peak level at the end of skeletal maturation, and this level is an important and major determinant of fracture risk in adult life. Achieving a higher peak decreases the risks of osteoporosis and fracture in adulthood. 28 Peak bone mass is suboptimal in people with thalassemia, 3 which may explain the high incidence of fractures seen before optimization of transfusion and iron chelation therapy 29 and the prevalence of lumbar osteoporosis in up to 50.7% of this population. 30, 31 The aim of treatment is to maintain the hemoglobin at a certain level to prevent expansion of ineffective erythropoiesis, which weakens the bone. However, low bone mass is still seen in treated patients. 32 The effects of low bone density and the risk of fractures in thalassemic children in the future are still unknown. Understanding these effects requires monitoring of bone status. Furthermore, it is also of interest to enhance diagnostic and treatment options for these children, for whom specific new therapies can be developed and instituted to prevent or slow down bone loss. Considering that radiation safety concerns limit the use of DXA in children, calcaneal quantitative ultrasound, with the capabilities demonstrated above, can be a viable tool for monitoring purposes or evaluating the therapeutic response or efficacy of treatment.
In conclusion, broadband ultrasound attenuation and the speed of sound as determined by quantitative ultrasound assessment of the calcaneus change with age in Southeast Asian children with thalassemia in a manner independent of sex but with consistently lower broadband ultrasound attenuation and higher speed of sound values compared with healthy children of the same origin in each age group. These quantitative ultrasound features allow differentiation of thalassemics from healthy children. Broadband ultrasound attenuation correlates moderately with the speed of sound and also with age, weight, and height measurements, but the speed of sound does not show an association with these anthropometric parameters. A moderate correlation exists between broadband ultrasound attenuation and BMD measurements, especially from the lumbar spine and whole body, but the corresponding association is much weaker for the speed of sound. Both broadband ultrasound attenuation and BMD increase with age, and these findings imply that bone quality in thalassemic children improves as they grow older. Combining these results suggests that calcaneal quantitative ultrasound can be useful in clinically assessing the bone status of Southeast Asian children with thalassemia when the safety and accessibility of DXA and the associated costs are taken into consideration. The most likely beneficiaries appear to be children with low body weight and height, both indicative of a risk of osteoporosis. A broadband ultrasound attenuation reading from the calcaneus can provide a diagnostic resolution on whether these children should have a subsequent DXA examination.
